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The diverse functions of microtubules (MT) in different cells and tissues may be facilitated by compositional
changes in tubulin isotypes. We obtained partial cDNA clones of class II b-tubulin from a library of differentiating
normal human epidermal keratinocytes (NHEK) cells, whereas screening via subtractive hybridization for genes
involved in calcium-induced keratinocyte differentiation. Analysis of the isotypic composition of b-tubulin from
NHEK cells revealed elevations in class II b-tubulin concentrations at both protein and message levels during cell
differentiation, resulting in increased rates of incorporation of class II b-tubulin into MT. Immunohistochemistry of
normal and pathologic skin tissues showed that class II b-tubulin occurred in the granular layer of the epidermis
and in differentiated areas of carcinomas. Class II b-tubulin was, however, not observed in the uppermost granular
and corniﬁed layers of normal epidermis. Further experiments showed that MT were likely to decay in the ﬁnal stage
of terminal differentiation during formation of the corniﬁed envelope. Our results suggest that there is differential
modulation of MT composition and stability during keratinocyte differentiation.
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Microtubules (MT) perform a number of diverse functions in
eukaryotic cells, including chromosome segregation, intra-
cellular transport, and the generation and maintenance of
cellular morphology (Bryan and Wilson, 1971). This func-
tional diversity may be achieved through changes in MT
properties such as stability, morphology, and biochemical
composition in different cells and organelles. The major
components of MTare a- and b-tubulin. There are numerous
isotypes of a- and b-tubulin encoded by different genes,
and these can be modified post-translationally in various
ways, producing MT of different biochemical composition
(Schulze et al, 1987; Bullinski and Gunderson, 1991). There
are at least six b-isotypes and eight b-isotypes in mammals
(Luduena, 1998). b-isotypes generally exhibit more complex
and variable tissue distributions than a-isotypes. The high
cross-species conservation in isotype-specific sequences
(the last 15 residues in b-tubulin) suggests that the differ-
ences between isotypes have important functional conse-
quences.
There have been numerous evidences for specific func-
tions for individual isotypes. In vitro studies using purified
bovine brain tubulin have shown that b-tubulin isotype
composition affects MT dynamics (Panda et al, 1994), as-
sembly (Banerjee et al, 1990, 1992), and ability to bind with
an anti-MT drug (Banerjee and Luduena, 1991, 1992). Cer-
tain b-tubulin isotypes (such as classes III, IVa, and VI) have
highly specific patterns of expression (Sullivan and Cleve-
land, 1986; Sullivan, 1988), and particular isotypes (espe-
cially classes II and III) are preferentially expressed in certain
circumstances, such as in cancerous tissues (Katsetos et al,
1991; Furuhata et al, 1993; Ranganathan et al, 1997). In
addition, cellular differentiation processes have been re-
ported to affect MT isotype composition. Numerous lines of
evidence indicate that expression of class III tubulin is
closely associated with neuronal differentiation and, in fact,
the presence of this tubulin is recognized as one of the
earliest indicators of the MT reorganization that is required
for neuronal differentiation (Joshi and Cleveland, 1989;
Jiang and Oblinger, 1992). In another example, class VI
tubulin (also called mb1 in mice and Hb1 in humans) is
known only in hematopoietic tissues (Wang et al, 1986).
Recent studies in mice have shown that expression of class
VI tubulin is restricted in terminally differentiated me-
gakaryocytes, and that it is necessary in the platelet bio-
genesis pathway (Lecine et al, 2000). Information about
functional differences between isotype classes, and their
tissue-specific expression patterns, is important in the at-
tempt to understand MT functional diversity.
The human epidermis is a stratified epithelium composed
of proliferating progenitor cells in the basal layer, differen-
tiating keratinocytes in the suprabasal layers, and fully dif-
ferentiated dead cells on the surface (Fuchs, 1990; Kalinin
et al, 2002). Primary cultures of normal human epidermal
keratinocytes (NHEK) can reproduce the general features of
differentiation seen in suprabasal cells of stratified epider-
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mis, if the calcium concentration of the culture medium is
1.0 mM or higher (Fuchs and Green, 1980; Pillai et al, 1990).
Observable features associated with differentiation include
retardation of proliferation, the formation of multiple layers,
and the expression of terminal gene products such as ker-
atin 1 (K1), K10, filaggrin, etc. (Kalinin et al, 2002). Eventu-
ally, these keratinocytes undergo terminal differentiation to
form the cornified envelope (CE), which is equivalent to the
outer coat seen in vivo (Kalinin et al, 2001, 2002). E-MAP-
115 may play a role in MT stabilization in epithelial cells
(Masson and Kreis, 1993) and is upregulated in terminally
differentiating keratinocytes (Fabre-Jonca et al, 1999). Little
is known about the actual dynamics or biochemical com-
position of keratinocyte MT, however. It has generally been
thought that most keratinocyte organelles and structures,
including MT, are degraded during CE formation and termi-
nal differentiation.
We tried to identify differentiation-related genes of ker-
atinocytes using suppressive subtraction hybridization
(SSH) methods. From a library of differentiating keratin-
ocytes we cloned several genes that were homologous
to class II b-tubulin. As a first step toward understanding
the precise roles of MT in keratinocyte differentiation, we
investigated compositional changes in b-isotypes of MT
structures in differentiating keratinocytes.
Results
Increase in class II tubulin transcripts in differentiating
NHEK cells To find genes involved in calcium-induced ker-
atinocyte differentiation, we used SSH to generate a cDNA
library enriched for transcripts elevated in differentiating
NHEK cells. The general characterization of all the genes
obtained by this process has been described elsewhere
(Seo et al, 2004). Among 300 randomly isolated clones,
most of which were genes known to be involved in differ-
entiation processes, three clones were identified as b-tub-
ulin genes (Fig 1A). Nucleotide sequence comparisons with
genes for various b-tubulin isotypes revealed that two
clones were identical to class IVb b-tubulin, and one was
identical to class II (Fig 1B). These results suggest the pos-
sibility that MT undergo compositional changes in b iso-
types during NHEK cell differentiation.
In contrast with earlier descriptions of transcriptional
regulation of class II isotypes (Haber et al, 1995), class IVb
tubulins are known to be constitutively expressed (Sullivan
and Cleveland, 1986; Sullivan, 1988). Tubulins of class IVa
are identical in coding region to class IVb, differing only in 30
untranslated sequence, and have only been found in brain
tissues. These observations make upregulation of class IV
tubulins in differentiating keratinocytes seem unlikely. In
semi-quantitative isotype-specific RT-PCR, transcripts of
class II b-tubulin mRNA of NHEK cells began to increase in
number within 24 h after the introduction into high-calcium
medium, reaching 3-fold higher levels after 7 d of high-cal-
cium cultivation (Fig 2A,B). In contrast, significant increases
in class IVb mRNA levels were not identified (Fig 2A,B).
Isotype-specific amplifications were verified by sequence
analyses of amplified products. Furthermore, measure-
ments of transcript numbers in differentiating NHEK cells
using quantitative real-time RT-PCR revealed increases in
Figure1
Cloning of tubulin isotypes from the suppression subtraction li-
brary of differentiating normal human epidermal keratinocytes
(NHEK) cells. (A) NHEK cells were cultivated in media with low (0.05
mM) or high (1.2 mM calcium) calcium concentrations to obtain undif-
ferentiated or differentiating cells, respectively, and their mRNA were
used for the construction of the subtraction library. Among the clones
obtained from the library of differentiating NHEK cells, three clones
showed high similarity with b-tubulin genes. The class II open reading
frame ranged from nucleotides 842 to 1192 (RsaI sites) in the cloned
gene fragments. The target regions for isotype-specific RT-PCR are
also indicated (II, IVb). (B) Nucleotide sequences of three cloned gene
fragments (clones A, B, and C), compared with corresponding regions
of reported sequences of b-tubulin isotypes. Accession numbers of
tubulin isotypes used for comparisons. There was one unidentified
nucleotide in the sequence of clone C.
Figure2
Increased levels of class II tubulin transcripts in differentiating
keratinocytes. (A) Total RNA was extracted from normal human ep-
idermal keratinocytes (NHEK) cultures on days 0, 1, 3, 7, and 10 after
raising medium calcium concentrations to 1.2 mM. Semi-quantita-
tive RT-PCR estimated relative concentrations of classes II and IVb
tubulin transcripts, with the glyceraldehyde-3-phosphate-dehydrogenase
(GAPDH) gene as an internal control. (B) Three independent series of
RNA samples with the same time course as in (A) were subjected to
semi-quantitative RT-PCR reactions. The relative intensities of amplified
products (after normalization) are displayed. (C) Three independent se-
ries of RNA samples were subjected to real-time RT-PCR and relative
mRNA expressions are shown. Relative mRNA expression values were
calculated as described in Materials and Methods.
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class II but not class IVb transcripts (Fig 2C). In both PCR
analyses, samples from day 10 showed high levels of class
II transcripts, although levels varied batch to batch.
Actual protein expression of each isotype was verified by
immunoblot analyses using isotype-specific monoclonal
antibodies (Mab). Appropriate induction of differentiation
was first evaluated by expression of K10 and involucrin,
which should be elevated after calcium concentrations have
increased to 1.2 mM (Fig 3). Class II tubulin protein levels
began to increase within 24 h after calcium concentration
was increased to 1.2 mM (Fig 3). There were, however, no
significant changes in protein concentrations of class I tub-
ulin or g-tubulin. At best, this increased expression of class
II tubulin affected the total amount of b-tubulin only slightly.
Expression of classes III and IV isotypes appeared to be
consistent throughout the differentiation process (Fig 3). Our
results indicate that only class II mRNA numbers were el-
evated in differentiating NHEK cells, whereas expression of
class IVb is likely to be constitutive. It is possible that class
IVb tubulin was cloned from the subtraction library, owing to
cross-hybridization between classes II and IVb, because of
their high homology.
Intracellular distribution of class II b-tubulin in differen-
tiating NHEK cells Next we assessed b-isotype expres-
sion in NHEK with an indirect immunofluorescence (IF)
assay. It is known that several lineages of cells appear to
express class II tubulin in both nuclei and cytoplasm (Rang-
anathan et al, 1997; Walss et al, 1999, 2001; Xu and
Luduena, 2002). Similarly, cultured NHEK cells showed
clear nuclear expression of class II tubulin in non- and less-
differentiated cells (Fig 4Ac,Bc). In addition, differentiating
NHEK cells showed elevated levels of cytosolic class II
tubulin incorporated into MT strands, with concomitant re-
ductions in the amount of intra-nuclear class II tubulin (Fig
4Ad,Bd). By contrast, radiating patterns of class I tubulin
remained consistent for 8 d after the increase in medium
calcium concentrations (Fig 4Aa, b,Ba, b).
In many cell types, differentiation is accompanied by
tubulin modifications and MT stabilization (Bulinski and
Gunderson, 1991). Differentiating NHEK cells showed ele-
vated acetylation of MT in high-calcium concentration me-
dium, as sparse MT distribution patterns became denser
and more clumpy (Fig 5A). In order to discern the relation-
ship between elevated expression of class II tubulin and the
intensity of tubulin modifications, NHEK cells cultured in
high-calcium concentrations for 5 d were subjected to cold
treatment, and the cold-resistant MTstrands were analyzed.
Subsets of MT that were resistant to cold treatment (Fig 4B,
aTU) contained both class II tubulin and acetylated tubulin.
These results suggest that subset of MT that might be sta-
bilized as NHEK cells differentiated contained both acety-
lated tubulin and class II tubulin.
Class II b-tubulin expression increases in granular lay-
ers but not in corniﬁed layers To investigate in vivo class
II tubulin expression, human skin tissues from different
sources were subjected to immunohistochemical analysis.
Staining of normal skin sections revealed abundant expres-
sion of class II tubulin in the granular layer of the epidermis
(Fig 6A,B). Class II b-tubulin was also expressed in La-
ngerhans cells in the basal epidermis, as well as in fibro-
blasts, smooth muscle, and nerve cells in the dermis. In
pathologic human skin, class II b-tubulin was strongly ex-
pressed in the well-differentiated areas of squamous cell
carcinoma (Fig 6C), and weakly expressed in hyperprolifer-
ative keratinocytes of psoriasis (Fig 6D). These results
Figure 3
Increased expression of class II tubulin in differentiating keratin-
ocytes. Total cellular proteins were extracted from normal human ep-
idermal keratinocytes (NHEK) cultures at the indicated time following an
increase in medium calcium concentration levels to 1.2 mM. Immuno-
blots reveal relative protein concentrations of various tubulins (pan-
b¼pan-specific b-tubulin), K10, cytokerain 10, and involucrin (¼ Inv).
All experiments were repeated at least three times.
Figure4
Increased class II tubulin incorporation into microtubules (MT) in
differentiating normal human epidermal keratinocytes (NHEK)
cells. NHEK cells cultured for the indicated period in low- or high-
calcium media were stained with immunofluorescent antibodies for
classes I and II tubulin (clone, JDR.3B8). Results are shown at high (A)
or low magnification (B). Class I tubulin patterns are consistent during
differentiation in NHEK cells, whereas the abundant nuclear class II
tubulin found in undifferentiated cells dispersed to the cytoplasm and
was incorporated into discrete MT strands as differentiation pro-
gressed. Scale bar: 30 mm (A), 200 mm (B).
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indicate that increases in class II tubulin expression in ker-
atinocytes are strongly correlated with differentiation.
There was, however, little staining of class II tubulin in the
cornified layer and the uppermost part of the granular layer
of the epidermis (Fig 7A). Tubulin has not yet been reported
to occur in keratinocyte CE. The sudden disappearance of
class II tubulin in the uppermost granular layer suggests that
this tubulin isotype does not have a barrier function in the
upper epidermis. These results also suggest that MT may
fail to maintain their integrity during terminal differentiation
processes.
MT degradation during terminal differentiation To ex-
plore changes in MT integrity in differentiating NHEK cells,
NHEK cultures were treated with nocodazole (at a dose
which partially disrupts MT structures), and the soluble
fractions of these cells were subjected to immunoblot anal-
yses. Unexpectedly, it was found that the levels of soluble
class II tubulin increased 9 d after the increase in medium
calcium concentration, and nocodazole treatment ad-
vanced this appearance of soluble class II tubulin (Fig 7B).
Amounts of soluble class I and a-tubulin decreased by day
3 following the increase in calcium, which is suggestive of
MT stabilization, but after day 6 soluble tubulin levels in-
creased again. To discover whether these increases in sol-
uble tubulin levels were accompanied by perturbations of
Figure 5
Increased levels of acetylated a-tubulin in differentiating normal
human epidermal keratinocytes (NHEK) cells. (A) NHEK cells cul-
tured for indicated times in low- or high-calcium media were stained
with an antibody against acetylated tubulin. Cells from high-calcium
media had increased cytoplasmic accumulations of acetylated tubulin
relative to those from low-calcium media, in which staining was re-
stricted to the perinuclear region. Rectangular area of high 8 d was
magnified and presented in magnified. Scale bar: 200 mm; in magnified
view: 50 mm. (B) NHEK cells were cultured in high-calcium media for 5 d
and subjected to microtubules (MT) depolymerization by incubation at
41C for 1 h. Cold-resistant MTstrands were analyzed by double labeling
for pan-a-tubulin (fluorescein isothiocyanate-conjugated a-tubulin
monoclonal antibody (Mab)) and acetylated tubulin (Ac) or class II tub-
ulin (class II). After stained by Mab raised against acetylated tubulin (a),
cold-resistant MT strands were stained by a-tubulin Mab (a0). Similarly,
class II tubulin (b) and pan-a-tubulin (b0) were stained. Scale bar: 20 mm.
Figure 6
Distribution of class II tubulin expression in various epidermal tis-
sues. Sections of normal skin (A, B), squamous cell carcinoma (C), and
psoriasis (D) were immunostained with anti-class II tubulin monoclonal
antibody. Abundant expression of class II tubulin was observed in the
granular layer of normal epidermis and well-differentiated areas of
squamous cell carcinoma. In contrast, most keratinocytes in psoriatic
tissue were barely stained. Each result was obtained from staining of
more than three independent tissue sections. Scale bar: 150 mm.
Figure7
Disappearance of class II tubulin in the late stage of the differen-
tiation process. (A) Using a monoclonal antibody specific for class II
tubulin, increased class II tubulin expression was detected in the gran-
ular layer of normal human skin tissue (from sole), but the uppermost
granular and cornified layers were unstained. Absence of class II tub-
ulin in uppermost granular layer was clear especially in the thick ep-
idermis of sole. Scale bar: 100 mm. (B) Soluble protein fractions of
normal human epidermal keratinocytes (NHEK) cultures were prepared
on days 0, 1, 3, 5, 7, and 9 after raising medium calcium and subjected
to immunoblot analyses for classes I, II, and pan a-tubulin. Immunoblot
analysis for E-cadherin was used to correct for protein loading. (C)
NHEK cells cultured for 6, 8, and 12 d in high-calcium medium were
subjected to double labeling with anti-class II and anti-keratin 10 (K10)
antibodies. Upregulation of keratin 10 expression in NHEK culture on
day 6 corresponded with the increase in class II tubulin expression.
Some cells at day 8 in high-calcium cultivation showed collapsed class
II-containing MT (arrows). By day 12, terminally differentiated cells
showed abundant keratin 10 expression, but very weak expression of
class II b-tubulin (arrows). Scale bar: 200 mm.
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MT organization, double labeling for K10 and class II tubulin
was performed. We found that expression of K10 and class
II tubulin increased in the cytoplasm of differentiating NHEK
cells cultured in high-calcium medium for 6 d (Fig 7Ca,a0).
By day 8, however, class II-containing MT had collapsed in
some cells (Fig 7Cb, b0). After 12 d (which is sufficient time
for NHEK cells to proceed to terminal differentiation) some
cells expressed abundant K10, with only very faint staining
for class II b-tubulin (Fig 7Cc, c0). These results indicate that
MT stability may increase in differentiating keratinocytes,
but not in terminally differentiated keratinocytes.
Discussion
We demonstrated that class II tubulin expression was up-
regulated at both message and protein level during kera-
tinocyte differentiation processes in vivo and in vitro. MT,
however, seem to decay at the terminal differentiation
stage.
Cultivation of keratinocytes commonly produces het-
erogenous cell populations, of various states of differenti-
ation. Even when the calcium concentration of the medium
is low, some keratinocytes proceed through the differenti-
ation process (Fabre-Jonca et al, 1999). CE formation has
reportedly been observed in cultured keratinocytes as early
as day 2 after raising calcium concentrations, but prolonged
cultivation in high-calcium media produces only limited
amounts of CE (Steinert and Marekov, 1999). CE formation
is known to be accompanied by degradation of cell organ-
elles, including MT (Kalinin et al, 2001). We speculate that
elevations in class II tubulin expression levels reflect the
status of differentiating keratinocytes, and the large within-
batch variation in message level (especially at day 10) could
be because of temporal variations in differentiation pro-
grams, in different keratinocytes (Fig 2). The expression
patterns of class II tubulin in normal epidermis supports this
conclusion (Figs 6 and 7A).
Class II tubulin isotypes have previously been reported
as being expressed in both the nuclei and cytoplasm of
various cells (Walss et al, 1999, 2001; Xu and Luduena,
2002). Consistent with these observations, nuclear class II
tubulin was observed in keratinocytes, especially in less-
differentiated cells (Fig 4). Levels of nuclear expression of
class II tubulin appeared to reduce during NHEK differen-
tiation, with concomitant increases in cytoplasmic expres-
sion as tubulin components formed into MT strands (Fig 4).
Taxol treatment of C6 glioma cells has been shown to
induce tubulin polymerization and irreversibly decrease
nuclear class II tubulin levels (Xu and Luduena, 2002). Sim-
ilarly, enhanced incorporation of class II tubulin into MT in
differentiating keratinocytes is likely to be the driving force
depleting nuclear tubulin.
Many lines of evidence indicate that dynamic MT are se-
lectively stabilized in a cell-specific manner, playing impor-
tant roles in the generation and maintenance of cell polarity
and differentiation (Kirschner and Mitchison, 1986; Bulinski
and Gunderson, 1991; MacRae, 1992; Mays et al, 1994;
Laferriere et al, 1997). Modified forms of tubulin are known
to accumulate in a subset of stabilized MT in cells. These
post-translational modifications include the removal of a
tyrosine residue from the carboxy terminus, a process
known as detyrosination, and acetylation of the lysine 40
residue. As we expected, acetylated tubulin was detected
more abundantly in differentiating NHEK cells (Fig 5). There
are inconsistencies between previously published studies
with regard to the level of tyrosinated tubulin expression in
differentiating keratinocytes (Fabre-Jonca et al, 1999; Kee
and Steinert, 2001). Generally, the level of tubulin detyrosi-
nation has been used as an indicator of MT stability. More
detailed study of levels of tyrosinated and detyrosinated
tubulin during keratinocyte differentiation are required.
The observed increased levels of acetylation in differen-
tiating NHEK cells may indicate increased MT stability. In
general, class II tubulins appear to be involved in the stab-
ilization of centrosomal MT (Bre et al, 1987). This is in con-
trast to the situation with acetylated tubulin, which is more
frequently found in MT strands distal from the centrosome.
Class II tubulin may stabilize MT by a different mechanism
to that of tubulin acetylation. The proportion of non-cent-
rosomal MT, however, tends to increase through stabilizat-
ion processes in polarized confluent epithelial cells (Buendia
et al, 1990), whereas in our study, cold resistant MT were
enriched with both acetylated and class II tubulin.
It is possible that class II-enriched MT enable selective
interactions with MT modulators. Among MT-associated
proteins, E-MAP-115 is one candidate for differential MT
modulation in differentiating keratinocytes. E-MAP-115 is a
MAP predominantly expressed in epithelial cell lines (Mas-
son and Kreis, 1993), and is reported to be upregulated in
differentiating keratinocytes (Fabre-Jonca et al, 1999). The
distribution pattern of E-MAP-115, however, seems to be
different from that of class II-enriched MT in differentiating
keratinocytes. At present, it is hard to determine the precise
role of class II tubulin in differentiating NHEK cells. Expres-
sion profiles of various MAP proteins and their relationships
with class II tubulin containing MT will be necessary to fur-
ther investigate the roles of MT in cell differentiation.
Terminal differentiation processes of epidermal keratin-
ocytes are accompanied by the expression and assembly of
highly insoluble proteins such as K1, K10, filaggrin, etc.
(Kalinin et al, 2001). Expression of these terminal gene
products has consequently been used to identify the differ-
entiation status of keratinocytes. Abundant expression of
K1 and K10 occur in the suprabasal layer of normal human
skin, and also in cells in the center of a squamous cell car-
cinoma mass (Fuchs and Green, 1980; Stoler et al, 1988;
Fuchs, 1990, 1995). In hyperproliferative skin diseases such
as psoriasis, keratin K6 and K16 are expressed dominantly,
whereas there are reductions in K1 and K10 expression
(Galvin et al, 1989; McKay and Leigh, 1995). The expression
pattern of class II tubulin in a well-differentiated area of ep-
idermis is suggestive of their possible usefulness as addi-
tional markers for the differentiation status of cells.
Contrary to K1 and K10 expression patterns, however,
expression of class II tubulin appeared to be restricted
within the granular layer in normal skin (Figs 6 and 7A).
Since cellular organelles including MT and nuclei degrade in
late differentiation (Kalinin et al, 2001), it is reasonable to
speculate that the lack of class II tubulin in uppermost
granular and cornified layers might result from a general
breakdown of the gene transcription system. Our results,
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however, indicated that MT also failed to maintain their in-
tegrity in the late stages of differentiation (Fig 7B,C). During
retinoic acid-induced differentiation of PC12 cells, neuronal
outgrowth is obvious by day 3, and class III tubulin protein
and mRNA levels increase concurrently through to day 7
(Laferriere and Brown, 1996). After this point, class III mRNA
levels begin to decrease whereas protein levels remain high,
which is suggestive of increased MT stability. MT stabilizat-
ion is believed to occur through class III tubulin phosphor-
ylation, which seems to modulate MAP binding to the C-
terminus of class III tubulin. Modification of class II tubulin
has not been reported, and isotypic compositional change
alone seems to be an insufficient explanation for the ob-
served MT degradation in late keratinocyte differentiation. It
is possible that MAP or modifying enzymes including pro-
teases, which may be regulated according to differentiation
status, could modulate MT stability.
In conclusion, expression of class II tubulin is upregulat-
ed and accompanied by MT stabilization in differentiating
keratinocytes. In terminally differentiated cells, MT stability
is no longer co-related with high-level expression of class II
tubulin, suggesting that additional factors affect MTstability.
This MT instability eventually results in the disappearance of
class II tubulin from the uppermost granular and cornified
layers of the epidermis.
Materials and Methods
Cells and culture conditions NHEK cells derived from neonatal
foreskin (Clonetics, San Diego, California) were propagated in se-
rum-free keratinocyte growth medium containing 0.05 mM cal-
cium. NHEK cells with 70%–80% cell confluency were switched to
high-calcium medium (1.2 mM) to induce differentiation. Precise
culture conditions were as previously described (Kee and Steinert,
2001).
We tentatively defined the term ‘‘differentiating’’ as the active
process occurring prior to terminal differentiation (CE formation).
During this process, numerous differentiation-related genes are
expressed in preparation for terminal differentiation.
SSH Total RNA and poly(A)þRNA were isolated using an SV Total
RNA Isolation System kit and oligo(dT)-cellulose columns (Prome-
ga, Madison, Wisconsin). SSH was performed as previously de-
scribed (Seo et al, 2004) using a PCR-select cDNA subtraction kit
(Clontech, Palo Alto, California). Subtracted cDNAs were amplified
by PCR and cloned using the TOPO cloning kit (Invitrogen, Car-
lsbad, California).
Semi-quantitative RT-PCR Extracted total RNA was reverse-
transcribed using AccuPower RT PreMix (Bioneer, Daejeon,
Korea). Aliquots of RT mixture were amplified by PCR using the
following isotype-specific primers: class II (sense, 50-CAGAA CA-
AGA ACAGC AGCTA-30 and anti-sense, 50-AAGTT TTTAA GCCTC
GTCCT-30); class IVb (sense, 50-ACATT TGCTT CAGAA CCCTA-30
and anti-sense, 50-GGGAT CCACT CAACA AAATA-30); and glycer-
aldehyde-3-phosphate-dehydrogenase (GAPDH) as a control
(sense, 50-TCCAC CACCC TGTTG CTGTA-30 and anti-sense, 50-
ACCAC AGTCC ATGCC ATCAC-30). Cycle regimes for reactions
containing class II and IVb primers were 30 s at 941C, 30 s at 581C,
and 60 s at 721C for 27 cycles. Twenty-five cycles of 30 s at 941C,
30 s at 541C, and 60 s at 721C were used to amplify GAPDH. These
cycle protocols ensured that RT-PCR amplifications were always
within the linear range. Amplification product intensity was quan-
tified with an image analyzer (Fuji BAS 2500, Tokyo, Japan), and
the values obtained were normalized to GAPDH signals.
For quantitative measurement of PCR products, the same batch
of RNA samples used for semi-quantitative RT-PCR were subject-
ed to real-time PCR. This involved the same RT and PCR condi-
tions described above, except that the b-actin gene was used as
an internal control. The oligonucleotide sequences for b-actin were
50-ATCGT GGGCC GCCCT AGGCA-30 (sense) and 50-TGGCC
TTACC CTTCA GAGGGG-30 (anti-sense). PCR reactions were
carried out in a 20 mL volume, in a Corbett Rotor-Gene (Corbett
Research, Sydney, Australia), in the presence of SYBR Green (Mo-
lecular Probes, Eugene, Oregon). Two sets of reactions were per-
formed for all RNA samples. All reactions were performed under
identical conditions, followed by 40 cycles of amplification. Relative
expression levels were computed with respect to the mRNA ex-
pression level of the internal standard (b-actin) using the following
formula: relative mRNA expression¼ 1=2ðCt of gene of interestCt ofb-actinÞ,
where Ct was the threshold cycle value (Gibson et al, 1996; Gelmini
et al, 2001).
IF staining NHEK cells were cultivated on coverslips in culture
conditions as indicated. These cells were fixed, membrane perm-
eabilized and reacted with primary antibody and fluorescein is-
othiocyanate (FITC)-conjugated secondary antibody (Vector Inc.,
Burlingame, California) (Kee and Steinert, 2001). For double-labe-
ling experiments, cells stained with Mab against acetylated or
class II tubulin were further stained using FITC-conjugated Mab
against a-tubulin (Sigma, St Louis, Missouri). In case of double
labeling for K10 and class II tubulin, Texas-red-conjugated anti-
rabbit antibody and FITC-conjugated anti-mouse antibody were
used as secondary antibody. K10-specific rabbit polyclonal anti-
body was purchased from Babco (Richmond, Virginia). All other
primary antibodies were purchased from Sigma: Mab against pan-
b, classes I, II isotypes of b-tubulin and acetylated, tyrosinated a-
tubulin. The specificity of the class II b-tubulin antibody used in this
study has been previously established (Banerjee et al, 1988; Rang-
anathan et al, 1997; Xu and Luduena, 2002). Chromatin-binding
Hoechst 33342 dye (Molecular Probes) were also used. These
stained cells were mounted onto the glass slide using mounting
medium (Vectashield, Vector), and analyzed by a fluorescence mi-
croscopy (Axioskop 200, Zeiss, Oberkochen, Germany). Fluores-
cence image was captured by digital camera (photometrics, Roper
Scientific, Trenton, New Jersey) and MetaVue software (version
5.0, Universal Imaging Co., Downingtown, Pennsylvania).
Immunoblot analysis Proteins were extracted from cultured cells
in lysis buffer (6.25 mM Tris, pH 6.8, 2% SDS, 100 mM b-me-
rcaptoethanol). Triton X-100-soluble fractions were used to esti-
mate levels of non-polymerized tubulin. Briefly, keratinocyte
cultures were rinsed with cold PBS, and then incubated with
shaking in a cold room for 30 min in a 1% Triton X-100, in Tris-
buffered saline solution, supplemented with a protease inhibitor
cocktail (Roche Molecular Biochemicals, Indianapolis, Indiana).
After centrifugation, the supernatant contained most of the un-
polymerized tubulins and was analyzed as Triton X-100-soluble
fractions.
Polyacrylamide gel electrophoresis and transfer onto polyvi-
nylidene difluoride membranes were performed according to the
manufacturer’s protocols (Invitrogen). Blocking and incubations
with primary antibody, secondary antibody, and chemiluminescent
substrate were performed as previously described (Kee and Ste-
inert, 2001). Mab against b-isotypes and g-tubulin (Sigma), and
pan-b-tubulin antibody (Santa Cruz Biotechnologies, Santa Cruz,
California), were used for immunoblot analyses.
Immunohistochemistry (IHC) IHC was performed using a Chem-
Mate EnVision Detection Kit (DAKO, Carpinteria, California). Tissue
sections were deparaffinized and rehydrated. After incubation with
0.3% H2O2 for 20 min, sections were placed in 10 mM EDTA (pH
8.0) and heated in a microwave for 5 min 30 s. Slides were incu-
bated with primary monoclonal mouse anti-class II tubulin at RT for
1 h. After incubation with secondary antibody at RT for 30 min,
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sections were developed with 3,30-diaminobenzidine and counter-
stained with Mayor’s hematoxylin. The study was conducted
according to the Declaration of Helsinki Principles. The medical
ethical committee of the Korea University Hospital approved all
described studies.
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